This study investigates the effects of high-energy electron-beam (1.4 MeV) irradiation on surface hardening and microstructural modification in a gray cast iron currently used for a diesel engine cylinder block. The gray cast-iron samples were irradiated in air using an electron accelerator. Afterward, their microstructure, hardness, and wear properties were examined. The original microstructure, which contained graphite flakes in a pearlitic matrix, was changed to martensite, ledeburite, and retained austenite, along with complete or partial dissolution of the graphite. This microstructural modification occurred only when the surface was irradiated with an input-energy density over 1.1 kJ/cm 2 , and it greatly improved the surface hardness and wear resistance. In order to investigate the complex microstructures, thermal analysis and simulation testing were also carried out. The results indicated that the irradiated surface was heated to the austenite-temperature region and then quenched to room temperature, which was enough to obtain surface hardening through martensitic transformation. The thermal analysis results matched well with the microstructures of the thermally simulated samples.
I. INTRODUCTION
of these advantages, little attempt has been made to apply it to industrial practice.
SINCE gray cast iron contains a high percentage of
The present study aims to improve the durability of autoflake graphite, it has special properties such as excellent motive parts by applying high-energy electron-beam irradiamachinability, the ability to resist galling with restricted tion to the gray cast iron used for an automotive diesel lubricant, and excellent vibration damping. [1] [2] [3] [4] Cylinder engine cylinder block and, thereby, modifying its surface blocks and heads are some of the ways in which the damping structure. To attain the maximum hardened depth and the capacity of gray cast iron is utilized. As the demand for peak hardness without surface melting, it was essential to high performance and durability in automobiles has recently establish the optimum irradiation conditions. Surface hardsoared, strenuous efforts have been made to improve the ness and wear properties can be enhanced by the phase wear resistance of engine parts by hardening their surfaces.
transformation from pearlite to martensite, while flake Notably, the surface modification of cast irons by highgraphites remain and play their own distinctive roles. [2, 3] energy beams such as the laser beam and electron beam has The surface hardening mechanism was clarified by investibeen studied extensively by many investigators. [5] [6] [7] [8] [9] [10] [11] Since gation of the microstructural modification and the phase an electron beam has an energy range from 50 to 200 keV, transformation both before and after irradiation. Correlations it usually requires a vacuum chamber, which is one of the between process parameters, microstructures, and surface many limitations of an electron beam as compared to the properties were also investigated. Furthermore, thermal anallaser beam. [11, 12, 13] ysis was conducted to calculate the temperature distribution, Recently, a high-energy electron-beam (energy range: 0.5 including peak temperature, cooling rate, and irradiation to 1.5 MeV) irradiation technique, which can be extracted into air, has been developed. [14, 15, 16] A high-energy electron depth. To verify the applicability of this model, a thermal beam can penetrate up to several tens of centimeters of air.
simulation test was conducted, and the results were analyzed Because the depth of the hardened surface layer is proporin comparison to those of actual irradiation. tional to the electron penetration depth, a layer depth of about 1 mm can be hardened by a high-energy electron beam without surface melting, which is almost impossible by the laser technique. Furthermore, many overlappings are not II. EXPERIMENTAL PROCEDURE needed to harden a broad area, because the scanning width A. Material of an electron beam can be easily controlled up to several tens of centimeters by changing the magnetic field. Blacking
The material used in the present study was the gray cast is not necessary in electron-beam surface hardening. In spite iron (FCH2D) commercialized for a diesel engine cylinder block and was a product finished in its final form through casting. test specimens.
B. Irradiation with a High-Energy Electron Beam
scanning width, which can be adjusted by varying the electromagnetic field, was fixed at 3.2 cm, a little larger than the The irradiation with a high-energy electron beam was sample size, so that the sample surface could be sufficiently conducted at the Budker Institute of Nuclear Physics (Novoirradiated. When the beam traveling speed (v) and the scansibirsk, Russia) using an electron accelerator (Model ELVning width (l) are decided, the input-energy density is calcu-6). The energy of this electron accelerator ranges from 0.5 lated in proportion to the beam power as follows: [14] to 1.5 MeV, and the maximum beam current and power are 70 mA and 100 kW, respectively. The irradiation conditions W ϭ (1 Ϫ f )P vl [4] are determined by process parameters such as the beam current and beam traveling speed and by material constants where f is the electron reflectivity from the sample surface, such as the density, thermal conductivity, and thermal diffuand P is the beam power. The reflectivity varies with the sivity. The electron beam size (d ) varies with the distance electron energy and the atomic number. When an electron (h) from the final diaphragm to the sample surface and is beam ranging from 1 to 2 MeV is irradiated on iron or steel, related experimentally to the following equation, in the case the reflectivity is about 40 pct. [20, 21] For convenience, the of the ELV-6 electron beam accelerator: [14] irradiated samples were named samples A through E, respectively, depending on the beam current used. The calculated
values of input-energy density are listed in Table II .
Here, the electron beam size is calculated to be 1.02 cm, because the electron energy (U ) is 1.4 MeV and the value C.
Microstructural Analysis and Hardness Testing of h is 8 cm. The beam-current density has a Gaussian
The central region of the irradiated samples was sectioned distribution, showing an exponential decrease as it gets farperpendicular to the irradiation direction. To minimize the ther away from the central axis of the beam. If the maximum loss and deformation to the samples, they were sectioned current density at the central axis is J 0 , the beam current by an electrodischarge machine. They were polished, etched density (J(r)) along the distance from the central axis (r) in nital, and examined by an optical microscope. Quantitative can be expressed by the following equation: [17] analyses of retained austenite, cementite carbides, martensite, and ferrite were done using Mössbauer spectroscopy.
Because the Mössbauer spectroscopy provides information on the local environment of iron atoms only, [22] flake graphwhere r b is the beam radius (d/2). If scanning is carried out ites cannot be analyzed. A 20mCi Co 57 gamma ray was used with the beam fixed, the heat input irradiated on the sample as a source, and disc specimens of about 10 mm in diameter surface becomes inhomogeneous due to the difference in and about 100 m in thickness were obtained from the current density between the central and the edge regions. In irradiated surface layer. Also, the microhardness of the this study, to expand the beam-treated area while avoiding matrix only, excluding flake graphites, was measured along the inhomogeneity of heat input, the beam was scanned at a the depth from the surface by a Vickers harness tester, under deflection angle of about Ϯ10 deg in the horizontal direction. a load of 50 g. The electron range (S), i.e., the penetration depth of the electrons, varies, as in the following formula, in the case of D. Friction Wear Test an electron-beam energy of over 1 MeV: [18, 19] The wear test was conducted using a friction wear tester , the electron range is calculated to be about 640 m.
disc, measuring 30 ϫ 30 ϫ 5 mm, was prepared from the irradiated surface. Wear arises from friction with the upper The process conditions were calculated in the aforementioned manner, the results of which are listed in Table I , ring in a pressurized state while the lower disc rotates. The wear test was conducted for 5 hours at room temperature together with irradiation conditions and material constants. [1] In the present study, the input-energy density (W ), i.e., the under a 50 kgf applied load, a 67 rpm rotating speed, and a 1500 m sliding distance, without using any lubricants. Wear input energy per unit area, was varied, with all other process parameters being fixed at the optimum conditions. The beam resistance was evaluated from the weight loss after testing. 
